Autophagy is a major pathway of intracellular degradation mediated by formation of autophagosomes. Recently, autophagy was implicated in the degradation of intracellular bacteria, whose size often exceeds the capacity of normal autophagosomes. However, the adaptations of the autophagic machinery for sequestration of large cargos were unknown. Here we developed a yeast model system to study the effect of cargo size on the requirement of autophagy-related (Atg) proteins. We controlled the size of peroxisomes before their turnover by pexophagy, the selective autophagy of peroxisomes, and found that peroxisome size determines the requirement of Atg11 and Atg26. Small peroxisomes can be degraded without these proteins. However, Atg26 becomes essential for degradation of medium peroxisomes. Additionally, the pexophagy-specific phagophore assembly site, organized by the dual interaction of Atg30 with functionally active Atg11 and Atg17, becomes essential for degradation of large peroxisomes. In contrast, Atg28 is partially required for all autophagy-related pathways independent of cargo size, suggesting it is a component of the core autophagic machinery. As a rule, the larger the cargo, the more cargo-specific Atg proteins become essential for its sequestration.
INTRODUCTION
Macroautophagy (hereafter autophagy) is a conservative eukaryotic pathway for the degradation of intracellular material in the lysosome/vacuole via its sequestration by doublemembrane vesicles called autophagosomes. Autophagy has been implicated in many physiological processes and human diseases (Huang and Klionsky, 2007; Rubinsztein et al., 2007; Mizushima et al., 2008) . It is mainly a nonselective process sequestering a random portion of cytoplasm under starvation conditions. However, under certain conditions protein complexes, organelles and intracellular pathogens are selectively removed from the cytosol by specialized autophagy-related pathways. For example, the cytoplasm-tovacuole targeting (Cvt) pathway selectively delivers certain vacuolar resident hydrolases under vegetative conditions (Stromhaug and Klionsky, 2003; Farre et al., 2007) , macropexophagy (hereafter pexophagy) ensures selective turnover of peroxisomes under peroxisome repression conditions (Dunn et al., 2005; Monastyrska and Klionsky, 2006; Sakai et al., 2006) , and xenophagy selectively disposes microbes that invade cells during infection (Levine and Deretic, 2007; Schmid and Munz, 2007) .
Irrespective of the material being degraded by autophagyrelated pathways, multiple steps are required to sequester it from the cytosol in double-membrane vesicles. These include induction of the particular pathway, cargo selection and packaging, nucleation of vesicle formation, vesicle expansion and completion, retrieval of autophagic machinery components, fusion of completed vesicles with the lysosome/vacuole, breakdown of the single-membrane vesicle and its cargo, and transport of liberated amino acids and lipids to the cytosol for reuse (Klionsky, 2005; . To date, 32 autophagy-related (Atg) proteins are known, of which 17 are components of the core autophagic machinery essential for all autophagy-related pathways and 15 are the additional components required only for certain pathways or species (Kabeya et al., 2007; Meijer et al., 2007; Xie and Klionsky, 2007; Farre et al., 2008) .
The core autophagic machinery includes 1) the Atg9 cycling system (Atg1, Atg2, Atg9, Atg13, Atg18, and Atg27), 2) the phosphatidylinositol 3-kinase complex (Atg6/Vps30, Atg14, Vps15, and Vps34), and 3) the ubiquitin-like protein system (Atg3, Atg4, Atg5, Atg7, Atg8, Atg10, Atg12, and Atg16). Although the role of the core machinery in the double-membrane vesicle formation is well studied (Xie and Klionsky, 2007) , much less is known about how the core machinery is adapted or modulated with additional components to accommodate the nonselective sequestration of bulk cytosol (autophagosome formation) or selective sequestration of specific cargos (Cvt vesicle, pexophagosome, or bacteria-containing autophagosome formation). For example, the Atg17 complex (Atg17, Atg29, and Atg31) constitutes the autophagosome-specific addition to the core machinery. The Cvt vesicle formation specifically requires the Atg19 -Atg11 receptor-adaptor complex and both autophagosome and Cvt vesicle formation require an additional component of the Atg9 cycling system, Atg23. The pexophagosome-specific additions include the Atg30 -Atg11-Atg17 receptoradaptors complex, the coiled-coil protein Atg25, and the sterol glucosyltransferase Atg26. Both Cvt vesicle and pexophagosome formation require the coiled-coil protein Atg28 and the phosphatidylinositol 3-phosphate binding proteins Atg20, Atg21, and Atg24 (Farre et al., 2007 (Farre et al., , 2008 ; Kabeya et al., 2007; Xie and Klionsky, 2007) . The additions for bacteria-containing autophagosomes are unknown.
Most components of the autophagic machinery colocalize at the phagophore assembly site (PAS; Noda et al., 2002) , whose organization is different under growth and starvation conditions. The Cvt-specific PAS organization depends on the cargo-receptor-adaptor complex of aminopeptidase I (Ape1), Atg19, and Atg11 (Shintani and Klionsky, 2004) . In contrast, the autophagy-specific PAS organization depends on two Atg17 complexes, Atg1-Atg13-Atg17 and Atg17-Atg29 -Atg31 Cao et al., 2008; Kawamata et al., 2008) . Although the levels of Atg1, Atg11, Atg17, and Atg19 at the PAS are the same under both growth and starvation conditions, Atg11 and Atg19 are dispensable for autophagy, whereas Atg17, Atg29, and Atg31 are dispensable for the Cvt pathway (Kamada et al., 2000; Kim et al., 2001; Scott et al., 2001; Kawamata et al., 2005; Kabeya et al., 2007; Geng et al., 2008) . Interestingly, both Atg11 and Atg17 are required for pexophagy in Saccharomyces cerevisiae and interact with the peroxisome receptor Atg30 in Pichia pastoris Cheong et al., 2005; Farre et al., 2008) . However, how the pexophagy-or xenophagy-specific PAS is organized is unknown.
The size and number of double-membrane vesicles depends on the amount of Atg8 and Atg9 at the PAS (Yen et al., 2007; Geng et al., 2008; Xie et al., 2008) . The levels of both Atg8 and Atg9 at the PAS double after the transfer of cells from vegetative to starvation conditions, which correlates with assembly of 300 -900-nm diameter autophagosomes instead of 150-nm diameter Cvt vesicles (Baba et al., 1997; Geng et al., 2008) . Atg8 and Atg9 are recruited to the Cvtspecific PAS in an Atg11-dependent manner. However, their recruitment to the autophagy-specific PAS does not require Atg11, but depends on Atg17 (Shintani and Klionsky, 2004; He et al., 2006; Cheong et al., 2008) . Pexophagosomes are much larger than Cvt vesicles and bacteria-containing autophagosomes can be considerably larger than typical starvation-induced autophagosomes (Dunn et al., 2005; Huang and Klionsky, 2007) . However, how pexophagosomes or bacteria-containing autophagosomes are formed around exceptionally large cargos is unknown.
Here we used two independent approaches to control peroxisome size and show for the first time that the requirements of Atg11 and Atg26, as well as the importance of the Atg30 -Atg11 interaction, for pexophagy correlate with peroxisome size. We conclude that the larger the peroxisomes, the more pexophagy-specific Atg proteins become essential for their degradation. Therefore, the pexophagosome-specific additions to the core autophagic machinery may largely constitute the adaptations for increased cargo size and could lead us to the mechanisms generating bacteria-containing autophagosomes in humans.
MATERIALS AND METHODS

Strains, Plasmids, and Transformation
The P. pastoris strains and plasmids are listed in Table 1 . Cells were transformed by electroporation (Cregg and Russell, 1998) . His ϩ -transformants were selected on SD (1.7 g/l yeast nitrogen base [YNB] without amino acids and ammonium sulfate, 2% wt/vol dextrose, 0.5% wt/vol ammonium sulfate, and 2% wt/vol agar) plates without histidine. Arginine (50 mg/l) was added, when needed. Geneticin-or zeocin-resistant transformants were selected on YPD (1% wt/vol yeast extract, 2% wt/vol bacto peptone, 2% wt/vol dextrose, and 2% wt/vol agar) plates with 0.25 mg/ml geneticin or 0.1 mg/ml zeocin, respectively. Two independent transformants of each strain with each plasmid were examined in parallel by each functional assay.
Peroxisome and Pexophagy Induction Conditions
Cells were pregrown to the late exponential-stationary phase in the first YPD culture, diluted 25-50-fold with fresh YPD medium and pregrown to the early-midexponential phase in the second YPD culture, and then washed twice with YNB solution (1.7 g/l YNB without amino acids and ammonium sulfate) and inoculated into peroxisome-induction medium at an OD 600 of 0.3-0.6 (for growth in most media) or 1.5-2.0 (for 15-h induction in (-C)/ methylamine medium or 0.5-and 1.5-h inductions in methanol/ammonia medium). Then, cells were washed twice with YNB solution and inoculated into pexophagy-induction medium. The sources of carbon/nitrogen in peroxisome-and pexophagy-induction media as well as incubation times are shown in the figures. All peroxisome-and pexophagy-induction media were prepared in YNB solution. Histidine (50 mg/l) and/or arginine (50 mg/l) were added, when needed. All peroxisome-, but not pexophagy-induction, media contained 0.05% wt/vol yeast extract. The concentration of carbon sources were as follows: 0.5% vol/vol methanol, 0.5% vol/vol oleate, 0.5% vol/vol ethanol, or 2% wt/vol glucose. The oleate stock emulsion contained 20% vol/vol oleate and 0.5% vol/vol Tween-80. The concentration of nitrogen sources were 0.25 or 0.5% wt/vol ammonium sulfate or 0.1% wt/vol methylamine hydrochloride.
Electron Microscopy of Peroxisomes
Peroxisomes were induced as described above, and cells were processed as described previously (Harper et al., 2002) . Images were captured on a transmission electron microscope (1200 EX II, JEOL, Peabody, MA) coupled to a digital camera (Orius 600, Gatan, Pleasanton, CA) and processed using the Gatan Digital Micrograph and Adobe Photoshop 7.0 software (San Jose, CA). Areas of individual peroxisomes were measured using ImageJ software (http://rsb.info.nih.gov/ij/).
Biochemical Studies of Pexophagy
Peroxisomes were induced as described above, cells were washed twice with YNB solution from peroxisome-induction medium and transferred to fresh glucose/(-N) or ethanol/(-N) medium at an OD 600 of 1 or 2, respectively, to induce pexophagy. Cells from 1-ml culture samples were collected by centrifugation after 0, 6, 12, and 24 h (for methanol-or oleate-induced cells) or 0, 3, 6, and 12 h (for methylamine-induced cells) of adaptation to the favorable carbon source. Crude extracts were prepared in the presence of TCA (Baerends et al., 2000) . SDS-PAGE and immunoblotting were performed as described previously (Laemmli, 1970; Kyhse-Andersen, 1984) . Antigen-antibody complexes were detected by enhanced chemiluminescence.
Fluorescence Microscopy of Pexophagy
Peroxisomes were induced as described above in the presence of 2.5 or 5 g/ml FM 4-64, diluted from 1 mg/ml stock solution in DMSO. Then, cells were washed twice with YNB solution, aliquots were placed on ice until observation, and the rest of the cells were transferred to fresh glucose/(-N) or ethanol/(-N) medium at an OD 600 of 1 or 2, respectively, to induce pexophagy. After 2 h (for methylamine-induced cells), 9 h (for oleate-induced cells), or 12 h (for methanol-induced cells) of adaptation to the favorable carbon source, cell cultures were placed on ice until observation. The progress of pexophagy was determined immediately after each time point. Images were captured on a motorized fluorescence microscope (Axioskop 2 MOT, Carl Zeiss MicroImaging, Thornwood, NY) coupled to a monochrome digital camera (AxioCam MRm, Carl Zeiss MicroImaging) and processed using the AxioVision 4.5 and Adobe Photoshop 7.0 software.
Ape1 Maturation Assay
Cells were pregrown twice in YPD as described for pexophagy studies, washed twice with YNB solution, and transferred to glucose/ammonia and glucose/(-N) media at an OD 600 of 0.03 and 0.5, respectively, to study maturation of Ape1 under growth and starvation conditions. The 1.5 OD 600 of cells from each culture sample were collected by centrifugation after 14 and 15 h of adaptation to glucose/ammonia and glucose/(-N), respectively.
RESULTS
Peroxisome Size in P. pastoris Is Easily Manipulated by Peroxisome Inducers and Induction Time
Recently, we found that Atg26 is essential for degradation of methanol-induced peroxisomes, but only partially required for degradation of oleate-or amine-induced peroxisomes (Nazarko et al., 2007a,b) . We hypothesized that the larger size of methanol-, relative to oleate-or amine-induced, peroxisomes resulted in the enhanced requirement of Atg26 for pexophagy. To clarify the role of Atg26, we studied the sizes of methanol-, oleate-, or amine-induced peroxisomes by electron microscopy. The WT cells induced for 15 h in oleate (O15), amine (A15), or methanol (M15) medium had on average 5.9, 1.7, and 3.6 peroxisomes/cell, respectively. The average area of O15 (0.074 Ϯ 0.053 m 2 ) and A15 (0.059 Ϯ 0.032 m 2 ) peroxisomes was 5.4-and 6.7-fold smaller than that of M15 (0.397 Ϯ 0.303 m 2 ) peroxisomes, respectively ( Figure 1A ).
To discriminate between the effects of peroxisome inducer and size on pexophagy, we manipulated the size of methanol-induced peroxisomes by varying the induction time. The WT cells induced in methanol medium for 0.5 (M0.5), 1.5 (M1.5), or 15 (M15) h contained on average 1.6, 3.0, and 3.4 peroxisomes/cell, respectively. The average area of M0.5 (0.014 Ϯ 0.008 m 2 ) and M1.5 (0.097 Ϯ 0.053 m 2 ) peroxisomes was 30.7-and 4.4-fold smaller than that of M15 peroxisomes (0.430 Ϯ 0.362 m 2 ), respectively ( Figure 1B) . Interestingly, the sizes of O15 and A15 peroxisomes fell in the size range of M0.5-M1.5 peroxisomes, allowing us to study the role of Atg26 in degradation of the differently sized peroxisomes with a single inducer, methanol.
Atg26 Is Not Essential for Pexophagy of Small Methanol-induced Peroxisomes
The pexophagy of M15 peroxisomes is completely blocked in the P. pastoris ⌬atg26 cells (Nazarko et al., 2007b) . To check 
whether Atg26 is indeed a pexophagy enhancer essential for degradation of only large (M15) peroxisomes, the WT, ⌬atg26, and ⌬atg1 cells were induced in methanol medium for 0.5 and 1.5 h and transferred to ethanol medium to induce pexophagy ( Figure 2 , A and B). In the WT cells with both small and medium peroxisomes, peroxisomal alcohol oxidase (AOX) was completely degraded after 12 h of ethanol adaptation. However, it was stable for at least 24 h in the ⌬atg1 mutant, independent of the size of methanol-induced peroxisomes, in agreement with the essential role of Atg1 in all autophagy-related pathways in P. pastoris (Mukaiyama et al., 2002; Farre et al., 2007; Nazarko et al., 2007b) . Remarkably, Atg26 was only partially required for pexophagy of small peroxisomes (Figure 2A ), but became essential for pexophagy of medium peroxisomes ( Figure 2B ). To confirm that small (but not medium) peroxisomes are degraded in the ⌬atg26 cells, we labeled peroxisomes with a fusion of the green fluorescent protein (GFP) to the peroxisomal targeting signal 1, Ser-Lys-Leu (SKL), expressed under control of promoter of the P. pastoris AOX1 gene ( Figure  2 , C and D). M0.5 cells of all strains already contained a single GFP-SKL labeled peroxisome. However, these peroxisomes were no longer present in the majority of the WT and ⌬atg26 cells after 12 h of ethanol adaptation. At the same time, the ⌬atg1 mutant retained its peroxisomes ( Figure 2C ). M1.5 cells of all strains developed clusters of medium peroxisomes. However, only peroxisomes of the WT strain were degraded in the vacuole ( Figure 2D ). Altogether, our biochemical and microscopy data show that small methanolinduced peroxisomes can be degraded without Atg26 and its role might be peroxisome size-specific.
Atg26 Becomes Essential for Pexophagy of Enlarged Oleate-induced Peroxisomes
Recently, we showed that pexophagy of small-to-medium O15 peroxisomes occurs in the P. pastoris ⌬atg26 cells (Nazarko et al., 2007b) . We sought to verify our hypothesis that Atg26 is essential for degradation of only large peroxisomes using an alternative strategy, by increasing the size of oleate-induced peroxisomes. We constructed the ⌬pex11 and ⌬atg26 ⌬pex11 mutants by deleting the PEX11 gene in the WT and ⌬atg26 strains that already expressed GFP-SKL under the control of the constitutive promoter of the P. pastoris GAPDH gene. Yeast and mammalian cells lacking Pex11 have fewer and larger peroxisomes than normal (Yan et al., 2005) . Among the P. pastoris proteins that control the number and size of oleate-induced peroxisomes (Pex11, Pex30, and Pex31), the absence of Pex11 has the most severe phenotype, with enlarged O15 peroxisomes reaching the size of large M15 peroxisomes (Yan et al., 2008) .
The WT, ⌬pex11, ⌬atg26, and ⌬atg26 ⌬pex11 cells were induced in oleate medium for 15 h and transferred to glucose medium to induce pexophagy ( Figure 3A ). In the ⌬pex11, WT, and ⌬atg26 cells, there was almost complete degradation of peroxisomal thiolase (THI) after 6, 12, and 24 h of glucose adaptation, respectively. Although the delayed degradation of small-to-medium O15 peroxisomes in the ⌬atg26 was expected (Nazarko et al., 2007b) , the reproducibly more efficient degradation of enlarged O15 peroxisomes in the ⌬pex11 was surprising. More interestingly, there was an almost complete block of degradation of enlarged O15 peroxisomes in the ⌬atg26 ⌬pex11 double mutant ( Figure 3A) , indicating that the requirement of Atg26 increases as the size of oleate-induced peroxisomes increases.
These biochemical results were confirmed by fluorescence microscopy ( Figure 3B ). O15 cells of the ⌬pex11 and ⌬atg26 ⌬pex11 had much fewer and larger peroxisomes than WT and ⌬atg26. However, after 9 h of glucose adaptation, the vast majority of enlarged O15 peroxisomes disappeared in the ⌬pex11 strain, but not in the ⌬atg26 ⌬pex11 double mutant ( Figure 3B ). The ⌬atg26 strain exhibited delayed degradation of small-to-medium O15 peroxisomes relative to the WT strain, as described (Nazarko et al., 2007b) . Taken together, our biochemical and microscopy data demonstrate that Atg26 becomes essential for pexophagy of enlarged O15 peroxisomes. In summary, experimenting with the sizes of methanol-and oleate-induced peroxisomes led us to conclude that Atg26 is a pexophagy enhancer essential for degradation of medium-to-large peroxisomes independent of the nature of peroxisome inducers. Similar-sized Oleate-and Amine-induced Peroxisomes Have Similar Requirements of Pexophagy-specific Atg Proteins Atg26 together with Atg11, Atg28, and Atg30 is required for the early stages of pexophagy, but not for autophagy in yeasts. All four proteins are at least partially localized at the PAS and required for pexophagosome formation in P. pastoris Oku et al., 2003; Stasyk et al., 2003; Stasyk et al., 2006; Yamashita et al., 2006; Farre et al., 2008; unpublished data) . Therefore, Atg11, Atg26, Atg28, and Atg30 were suggested to provide peroxisome recognition and guidance of the sequestering membranes around peroxisomes (Dunn et al., 2005; Farre et al., 2008) . But like Atg26, these pexophagy-specific Atg proteins might just facilitate pexophagosome formation and be essential for pexophagy of only large peroxisomes.
To address this possibility we studied the roles of Atg11, Atg28, and Atg30 in degradation of small-to-medium O15 and A15 peroxisomes, which are about the same size, but induced by different substrates. The WT, ⌬atg1, ⌬atg11, ⌬atg26, ⌬atg28, and ⌬atg30 cells were induced in oleate ( Figure 4A ) or amine ( Figure 4B ) medium for 15 h and transferred to glucose medium to induce pexophagy. As expected, in the WT cells peroxisomal THI ( Figure 4A ) or AOX ( Figure 4B ) was degraded, whereas in the ⌬atg1 cells it was stable. Surprisingly, Atg11 and Atg28 were only partially required for degradation of both O15 and A15 peroxisomes, like Atg26. However, Atg30 was essential. Fluorescence microscopy confirmed these observations (Supplemental Figures S1-3) . In summary, similar-sized (small-to-medium), but differently induced (O15 and A15) peroxisomes have similar requirements of pexophagyspecific Atg proteins.
Differently sized Methanol-induced Peroxisomes Have Different Requirements of Atg11
The link between peroxisome size and the requirement of Atg proteins was explored further by studying the roles of Atg11, Atg28, and Atg30 in the degradation of M0.5, M1.5, and M15 peroxisomes, which are of different sizes, but are induced by the same substrate, methanol. The WT, ⌬atg1, ⌬atg11, ⌬atg26, ⌬atg28, and ⌬atg30 cells were induced in methanol medium for 0.5, 1.5, and 15 h and transferred to ethanol medium to induce pexophagy (Figure 4, C-E) . Im- T. Y. Nazarko et al. portantly, the kinetics of AOX degradation in WT cells was comparable, irrespective of peroxisome size. The negative control ⌬atg1 was completely blocked in pexophagy. Interestingly, Atg11 was only partially required for degradation of small and medium peroxisomes (Figure 4 , C and D), but was essential for degradation of large peroxisomes ( Figure  4E ). The pattern of Atg11 requirement resembled that of Atg26 with the only difference that Atg26 was already essential for degradation of medium peroxisomes ( Figure 4D ). In contrast, Atg28 was partially required and Atg30 was essential for degradation of methanol-induced peroxisomes of any size. Collectively (Figure 4) , these results suggest that Atg28 regulates the magnitude of the pexophagic response and Atg30 tags peroxisomes for degradation regardless of peroxisome size and the nature of peroxisome inducers. In summary, 1) similarly induced, but differently sized peroxisomes (M0.5, M1.5, and M15) have different requirements of at least two selective Atg proteins, Atg11 and Atg26; 2) the larger the peroxisomes, the more selective Atg proteins become essential for their degradation (neither Atg26, nor Atg11, is essential for pexophagy of small peroxisomes; Atg26, but not Atg11, is essential for pexophagy of medium peroxisomes, and both Atg26 and Atg11 are essential for pexophagy of large peroxisomes).
Dual Interaction of Atg30 with Atg11 and Atg17 Is Required to Organize the Pexophagy-specific PAS and Efficient Pexophagy
The partial requirement of Atg11 for the degradation of small-to-medium peroxisomes could be explained by redundancy with either Atg8 or Atg17. In S. cerevisiae the Ape1 receptor, Atg19, independently interacts with Atg11 and Atg8 for cytoplasm-to-vacuole targeting of Ape1 (Shintani et al., 2002) . In growing cells Atg11 plays a major role in bridging the Ape1-Atg19 complex with the PAS. However, upon nitrogen starvation, the increased levels of Atg8 cause a partial bypass of the Atg11-dependent step (Chang and Huang, 2007) . In P. pastoris Atg30 also interacts with Atg11 (Farre et al., 2008) . Because, in our experiments, pexophagy was induced in medium lacking nitrogen, we tested whether the partial requirement of Atg11 for degradation of medium peroxisomes was due to the presence of Atg8. The WT, ⌬atg1, ⌬atg11, ⌬atg8, and ⌬atg11 ⌬atg8 cells were induced in methanol medium for 1.5 h and transferred to ethanol medium to induce pexophagy (Supplemental Figure S4A ). Both ⌬atg8 and ⌬atg11 ⌬atg8 cells were completely blocked in the degradation of AOX showing that Atg8 is essential for pexophagy of medium peroxisomes and cannot be redundant with Atg11.
We also studied the maturation of Ape1 in the same strains in glucose medium (Supplemental Figure S4B) . Under growth conditions the precursor of Ape1 (prApe1) is delivered to the vacuole by the Cvt pathway and under nitrogen starvation conditions prApe1 is delivered to the vacuole by autophagy. In the vacuole prApe1 is processed to the mature forms (mApe1) by vacuolar hydrolases (Farre et al., 2007) . After 14 h of growth in glucose medium both the prApe1, and two processed forms of mApe1 were present in the WT strain. In contrast, 15 h in glucose medium without nitrogen led to complete maturation of Ape1 and degradation of the higher molecular weight mApe1. As expected (Farre et al., 2007) , ⌬atg1 was affected in both Cvt-and autophagy-dependent maturation of Ape1, and ⌬atg11 was only impaired in the Cvt-dependent maturation of Ape1. However, in contrast to S. cerevisiae, where Atg8 is essential for the Cvt pathway and only partially required for autophagy (Kirisako et al., 1999; Abeliovich et al., 2000; Chang and Huang, 2007) , PpAtg8 was essential for both processes (Supplemental Figure S4B ). These results (Supplemental Figure  S4 , A and B) show that PpAtg8 is essential for all autophagyrelated pathways and is not redundant with Atg11 in bridging the receptor-cargo complexes with the PAS.
The S. cerevisiae prApe1-Atg19 -Atg11 complex is critical for Cvt-specific PAS organization under growth conditions (Shintani and Klionsky, 2004) . However, the Atg1-Atg13-Atg17 and Atg17-Atg29 -Atg31 complexes are essential for autophagy-specific PAS organization under nitrogen starvation conditions (Cao et al., 2008; Cheong et al., 2008; Kawamata et al., 2008) . It was suggested that ScAtg11 and ScAtg17 serve as alternative scaffold proteins that organize the PAS in the Cvt and autophagy pathways, respectively. Consistently, the PAS localization of Atg proteins and autophagosome formation are severely affected in the S. cerevisiae ⌬atg11 ⌬atg17 double mutant . Despite the fact that ScAtg11 is dispensable for starvation-induced autophagy and ScAtg17 is dispensable for the Cvt pathway, both proteins are required for glucose- induced pexophagy under nitrogen starvation conditions (Kamada et al., 2000; Kim et al., 2001; Cheong et al., 2005) . Moreover, both Atg11 and Atg17 interact with Atg30 in P. pastoris (Farre et al., 2008 ). Therefore, we tested whether the partial requirement of Atg11 for degradation of medium peroxisomes was due to the presence of Atg17. The WT, ⌬atg1, ⌬atg11, ⌬atg17, and ⌬atg11 ⌬atg17 cells were induced in methanol medium for 1.5 h and transferred to ethanol medium to induce pexophagy ( Figure 5A ). Interestingly, Atg17 was also partially required for normal degradation of AOX, but less so than Atg11. However, the ⌬atg11 ⌬atg17 double mutant was almost completely blocked in pexophagy ( Figure 5A ). Fluorescence microscopy confirmed these observations (Supplemental Figure S5) . Therefore, Atg11 and Atg17 are redundant for pexophagy.
Because Atg17, like Atg11, was only partially required for degradation of medium peroxisomes, there was a possibility that the requirement of Atg17 increases with an increase of peroxisome size. To test this the WT, ⌬atg17 and ⌬atg8 cells were induced in methanol medium for 1.5 and 15 h and transferred to ethanol medium to induce pexophagy ( Figure  5 , B and C). Peroxisomes of both medium and large sizes were efficiently degraded in the WT strain, but completely escaped degradation in the ⌬atg8 mutant, as expected. However, the ⌬atg17 strain was partially affected in pexophagy irrespective of peroxisome size ( Figure 5 , B and C). These results place Atg17 together with Atg28 in the group of proteins that regulate the magnitude of the pexophagic response independent of peroxisome size.
Our findings indicate that 1) Atg30 is unconditionally essential for pexophagy, 2) its interacting partners Atg11 and Atg17 are redundant and 3) stimulate pexophagy in a peroxisome size-dependent and -independent manner, respectively. However, do the Atg30 adaptor proteins cooperate with Atg30 to mediate the peroxisome-PAS interaction during pexophagy? If the dual interaction of Atg30 with Atg11 and Atg17 was indeed required to organize the pexophagy-specific PAS, then the inability of Atg30 to interact with Atg11 would phenotypically mimic the lack of Atg11 and pexophagy would solely depend on the interaction of Atg30 and Atg17. To address this question we studied the degradation of medium and large peroxisomes in the ⌬atg30 mutant complemented with normal and mutated (S112A) forms of Atg30-GFP expressed from its endogenous promoter. Previously, we showed that phosphorylation of Atg30 at S112 is essential for its interaction with Atg11, but not with Atg17 (Farre et al., 2008) . The ⌬atg30 mutant and complemented cells were induced in methanol medium for 1.5 and 15 h and transferred to ethanol medium to induce pexophagy ( Figure 5, D and E) . The Atg30-GFP fusion protein did restore pexophagy of both medium and large peroxisomes in the ⌬atg30 mutant. However, Atg30(S112A)-GFP rescued the pexophagy of medium (Figure 5D ), but not large ( Figure 5E ) peroxisomes. Moreover, the phenotype of ⌬atg30 complemented with Atg30(S112A)-GFP resembled that of the ⌬atg11 mutant (Figure 4, D and E) . These data demonstrate that Atg17 and/or its interaction with Atg30 are sufficient for degradation of medium peroxisomes, but both Atg11, and its interaction with Atg30, are essential for degradation of large peroxisomes. In summary, the dual interaction of Atg30 with Atg11 and Atg17 is required to organize the pexophagy-specific PAS and efficient pexophagy.
Atg28 Regulates the Magnitude of Autophagic Response in All Autophagy-related Pathways
In contrast to Atg11 and Atg26, Atg28 regulates the magnitude of the pexophagic response independent of peroxisome size (Figure 4 ). This result is more consistent with its role in pexophagosome nucleation, rather than in elongation. If so, Atg28 might also be partially required for the nucleation of double-membrane vesicles in other autophagy-related pathways. Recently, it was reported that Atg28 is required for the Cvt pathway, but not for autophagy in P. pastoris (Stasyk et al., 2006; Farre et al., 2007) . Because new biochemical autophagy assays became available for P. pastoris, namely maturation of Ape1 and the GFP-Atg8 processing assay (Farre et al ., 2007, 2008) , we reexamined the role of Atg28 in these pathways.
After 14 h of growth in glucose medium the WT, ⌬atg26, and ⌬atg30 strains were characterized by normal maturation of Ape1, but it was completely abolished in the ⌬atg1 and ⌬atg11 mutants ( Figure 6A , left panel), as expected (Farre et al., 2007 (Farre et al., , 2008 . In contrast, the ⌬atg28 cells were only partially affected in the Cvt pathway, because a small amount of prApe1 was processed to the mApe1 forms ( Figure 6A , left panel, long exposure). After 15 h of nitrogen starvation in glucose medium, prApe1 almost completely matured to mApe1 in the WT, ⌬atg11, ⌬atg26, and ⌬atg30 strains, and Ape1 maturation was completely blocked only in the ⌬atg1 mutant ( Figure 6A, right panel) . These results confirmed that Atg11 and Atg30 are dispensable for autophagy (Farre et al., 2007 (Farre et al., , 2008 and provided evidence that Atg26 is not required for autophagy. However, in the ⌬atg28 strain, prApe1 was only partially processed to mApe1 ( Figure 6A , right panel, short exposure), indicating that Atg28 is partially required for both Cvt and autophagy pathways.
The requirement of Atg28 in autophagy was verified by the GFP-Atg8 processing assay. During nitrogen starvation a part of GFP-Atg8 is trapped in the completed autophagosomes and degraded in the vacuole. Because of the higher resistance of GFP, versus Atg8, to the vacuolar hydrolases, the GFP moiety accumulates in the vacuole reflecting the Atg8 delivery or autophagy rates (Shintani and Klionsky, 2004; Farre et al., 2008) . To study the autophagy rates, the WT, ⌬atg1, ⌬atg11, ⌬atg26, ⌬atg28, and ⌬atg30 cells with GFP-Atg8 expressed under its endogenous promoter were grown in glucose medium for 15 h and transferred to glucose medium without nitrogen ( Figure 6B ). During the time course of nitrogen starvation, GFP accumulated in the WT, ⌬atg11, ⌬atg26, and ⌬atg30 strains with a peak at 4 h. In contrast, GFP-Atg8 was not processed in the ⌬atg1 mutant. These results are in agreement with maturation of Ape1 under nitrogen starvation conditions. Both prApe1 and GFP-Atg8 processing assays prove that Atg26 is not required for autophagy, as was previously suggested based on ⌬atg26 survival rates under nitrogen starvation conditions (Oku et al., 2003; unpublished data) . Despite some GFP accumulation in ⌬atg28, this strain was severely affected in the GFP-Atg8 delivery to the vacuole ( Figure 6B ). In summary, the results of two independent biochemical assays demonstrate that Atg28 is indeed partially required for both Cvt and autophagy pathways. Therefore, Atg28 is not specific for selective autophagy as suggested previously (Stasyk et al., 2006; Farre et al., 2007) . Rather, it regulates the magnitude of autophagic response in all autophagy-related pathways. 
DISCUSSION
In this article we studied the role of several Atg proteins as a function of cargo size during pexophagy. We established two reliable approaches to control peroxisome size by manipulating peroxisome inducers and induction time that provided us with information on the autophagic machinery that otherwise would be difficult to access studying selective autophagy with a cargo of fixed size (like the Cvt pathway) or nonselective autophagy that enwraps a random portion of cytoplasm. We show for the first time that Atg26 and Atg11 stimulate pexophagy in a manner that depends on cargo size. Namely, Atg26 and Atg11 are essential for scaling up pexophagy to degrade medium and large peroxisomes, respectively. On the other hand, Atg17 and Atg28 stimulate autophagy independent of cargo size, providing a basic autophagic response sufficient to sequester small-tomedium peroxisomes. Finally, both Atg11 and Atg17, and their interaction with the peroxisome receptor Atg30, are functionally important for efficient pexophagy.
Peroxisome Size Determines the Requirement of Pexophagy-specific Atg Proteins
Autophagy is a central player in the immunological control of bacterial, parasitic, and viral infections (Levine and Deretic, 2007) . For example, some bacteria are specifically recognized by autophagy and targeted for degradation as cargos. However, the size of autophagosomes that sequester intracellular bacteria is often considerably larger than those formed under starvation conditions (Huang and Klionsky, 2007) . For example, the area of autophagosomes enclosing a cluster of Streptococcus pyogenes (also known as group A Streptococcus) is 25-100-fold larger than the area of typical starvation-induced autophagosomes (Nakagawa et al., 2004) . This raises the question regarding how such huge bacteriacontaining autophagosomes arise and what factors are essential for this process. Our yeast model system that studies the effect of cargo size on the requirement of Atg proteins, the autophagy of differently sized peroxisomes, may be relevant to the question of how autophagy of large structures is achieved. Indeed, degradation of both peroxisomes in yeast and bacteria in mammalian cells are selective processes in contrast to the bulk degradation of cytosol during starvation (Nakagawa et al., 2004; Nazarko et al., 2007b) . Additionally, peroxisome size in P. pastoris can vary significantly depending on the peroxisome inducer and induction time. For example, the area of M15 peroxisomes is 5.4-and 6.7-fold larger than that of O15 and A15 peroxisomes, respectively. The difference in peroxisome area is even bigger during the time course of methanol induction, because M15 peroxisomes are 4.4-and 30.7-fold larger than M1.5 and M0.5 peroxisomes, respectively. Both selectivity and peroxisome size range make pexophagy an excellent model system to study the effects of cargo size on autophagosome biogenesis.
Here, we examined the requirement of Atg1, Atg8, Atg11, Atg17, Atg26, Atg28, and Atg30 proteins for pexophagy of small (M0.5), medium (M1.5), small-to-medium (O15 or A15), and large (M15) peroxisomes. The Atg proteins were divided into three groups: 1) those essential for peroxisome degradation independent of peroxisome size (Atg1, Atg8, and Atg30), 2) those that are partially required for pexophagy independent of peroxisome size (Atg17 and Atg28), and 3) others whose requirement during pexophagy depends on peroxisome size (Atg11 and Atg26; Figure 7A ). We suggest that the proteins from the first two groups are essential or partially required for cargo selection and/or nucleation of the double-membrane vesicle formation according to the scheme proposed for autophagy-related pathways (Klionsky, 2005; . In contrast, the proteins from the last group are more important at the vesicle expansion step. Moreover, the larger the peroxisomes, the more Atg proteins become essential for pexophagosome formation. For example, Atg26 is essential to scale up pexophagy for degradation of medium peroxisomes and Atg11 is essential for further scale up of pexophagy for degradation of large peroxisomes ( Figure 7A ). Besides, Atg11 and Atg26 might regulate pexophagy in a dose-dependent manner, because both proteins are specifically induced by methanol, like the peroxin Pex12 (Supplemental Figure S6 ).
Our findings that the level and requirement of Atg26 increase with an increase of the size of peroxisomes ( Figure  7A and Supplemental Figure S6 ) are in agreement with the recently proposed role of Atg26 in elongation of the micropexophagic apparatus (MIPA), the cup-shaped isolation and Atg17 are the structural components of any PAS. Atg11 is indispensable for Cvt vesicle formation, and Atg17 is indispensable for autophagosome formation. However, both of them are functionally important for pexophagosome formation at the pexophagyspecific PAS, organized by the peroxisome receptor Atg30. The PASs may also contain other proteins not studied here. (C) P. pastoris Atg28 is a structural and functional homolog of two S. cerevisiae proteins, Atg29 and Atg31. Atg28 interacts with Atg17, and is partially required for all autophagy-related pathways. Ϫ/ϩ, partially required; Ϫ, not required; ?, the requirement is not known.
T. Y. Nazarko et al. membrane formed along the peroxisome surface to bridge the opposing vacuolar sequestering membranes during micropexophagy (Yamashita et al., 2006) . Mechanistically, biogenesis of the MIPA and pexophagosome are very similar, except for the fact that MIPA is fused with the vacuolar sequestering membranes before it is completed into pexophagosome. Therefore, the increased demand for Atg26 during pexophagy of medium-to-large peroxisomes most likely reflects the increased demand for elongation of the pexophagosome membrane.
Pexophagy-specific PAS and Requirements for Efficient Pexophagosome Formation
Interestingly, both Atg30 and Atg1 are essential for pexophagy irrespective of peroxisome size and the nature of the peroxisome inducer, despite the fact that Atg30, unlike Atg1, is completely dispensable for the Cvt and autophagy pathways. These results support the view that Atg30 is indeed a peroxisome receptor and Atg1 is a component of the core autophagic machinery (Xie and Klionsky, 2007; Farre et al., 2008) . Atg11 and Atg17, the interacting partners of Atg30 in P. pastoris and components of Atg1 complex in S. cerevisiae, stimulate pexophagy in peroxisome size-dependent and -independent manners, respectively ( Figure 7A ). Both Atg11 and Atg17 are also required for pexophagy in S. cerevisiae, despite the fact that Atg11 is dispensable for nonselective autophagy and Atg17 is dispensable for the selective Cvt pathway (Kamada et al., 2000; Kim et al., 2001; Cheong et al., 2005) . Moreover, we found that Atg11 and Atg17 are redundant in the degradation of the medium peroxisomes and the interaction of Atg11 with Atg30 is essential to scale up pexophagy for the degradation of large peroxisomes. The above data favor the existence of a pexophagy-specific PAS, organized by the dual interaction of Atg30 (and/or the serine-threonine protein kinase, Atg1) with functionally active Atg11 and Atg17. Therefore, the pexophagy-specific PAS combines the features of the Cvt-and autophagyspecific PASs, because Atg11 and Atg17 are not just structurally present, as in other PASs , but are both functionally important for pexophagosome formation ( Figure 7B ).
The stronger requirement of Atg11 versus Atg17, combined with their redundancy and the interactions of both proteins with Atg30, suggests that Atg11 supplies the majority and Atg17 the minority of the same functions required for pexophagosome formation. In S. cerevisiae, the delivery capacity of the Cvt and autophagy pathways depends on the amount and proper localization of Atg8 and Atg9. Artificially increased amounts of Atg11 at the PAS enhance the recruitment of Atg8 and Atg9 to this site and lead to the formation of more Cvt vesicles under growth conditions. Similarly, the naturally enhanced recruitment of Atg8 and Atg9 to the PAS under starvation conditions causes the formation of numerous and large autophagosomes (Yen et al., 2007; Geng et al., 2008; Xie et al., 2008) . However, in contrast to the growth conditions, Atg8 and Atg9 are recruited to the starvation-induced PAS independent of Atg11 by two Atg17 complexes (Atg1-Atg13-Atg17 and Atg17-Atg29 -Atg31; Shintani and Klionsky, 2004; He et al., 2006; Cao et al., 2008; Cheong et al., 2008; Kawamata et al., 2008) . Although the same amounts of Atg11 and Atg17 are present at the PAS at all times, Atg11 and Atg17 are crucial only under the growth and starvation conditions, respectively (Kamada et al., 2000; Geng et al., 2008) . Our experiments show that enormously large cargos, like peroxisomes, might require both Atg11-and Atg17-dependent pathways of Atg8 and Atg9 recruitment to the PAS to supply enough membrane for efficient autophagosome formation.
The dual interaction of Atg30 with functionally active Atg11 and Atg17 might also require the dual induction mechanism. In all our experiments, pexophagy was induced by the switch of the carbon source (e.g., methanol-to-ethanol or oleate-to-glucose) under the nitrogen starvation conditions, as described (Nazarko et al., 2007b) . We speculate that Atg11-and Atg17-dependent pathways of Atg8 and Atg9 recruitment to the PAS were induced by the favorable carbon source and starvation, respectively. Although the ability of starvation to induce the Atg17-dependent pathway of PAS organization was extensively proven recently Cao et al., 2008; Cheong et al., 2008; Kawamata et al., 2008) , the effect of the change of the carbon source on the amount and localization of Atg11 requires further study. It is known that entry of S. pyogenes into the cytoplasm of human nonphagocytic cells induces selective autophagy by increasing the amount of lipidated Atg8 (Nakagawa et al., 2004) . Our results predict that the induction of bulk autophagy during streptococcal infection would costimulate the selective degradation of bacteria in humans. This prediction is also supported by the fact that amino acid starvation significantly increased the number of Shigella flexneri cells associated with Atg8 in canine kidney epithelial cells (Ogawa et al., 2005) .
Atg28, the Missing Piece of the PAS Puzzle
Among five Atg proteins (Atg1, Atg13, Atg17, Atg29, and Atg31) that coorganize the autophagy-specific PAS in S. cerevisiae, Atg17, Atg29 and Atg31 are required for autophagy, but not for the Cvt pathway (Kamada et al., 2000; Kawamata et al., 2005; Kabeya et al., 2007) . These three proteins interact with each other and colocalize at the PAS in an Atg17-dependent manner (Kabeya et al., 2007; Kawamata et al., 2008) . However, Atg29 and Atg31 have no homologues in P. pastoris and were not tested for their role in pexophagy in S. cerevisiae. We found that in P. pastoris, Atg17 is partially required for degradation of peroxisomes independent of their size, as is Atg28. Our data indicate that Atg28 interacts with Atg17 (Supplemental Figure S7A) , colocalizes with Atg17 at the PAS (Stasyk et al., 2006) , and is partially required for other autophagy-related pathways (Figure 6 ). However, Atg28 has no homologues in S. cerevisiae. Interestingly, just like P. pastoris and S. cerevisiae, other yeasts that belong to the order Saccharomycetales have also either Atg28 or Atg29 (Meijer et al., 2007) . We extended this analysis to Atg31 and found that 1) Candida albicans, Debaryomyces hansenii, P. pastoris, and Hansenula polymorpha have Atg28, but not Atg29 or Atg31 and 2) S. cerevisiae, Candida glabrata, Ashbya gossypii, and Kluyveromyces lactis have Atg29 and Atg31, but not Atg28 (Supplemental Figure S7B) . Consistently, the alignment of these three proteins suggested that the N-and C-terminal parts of PpAtg28 have a weak homology to ScAtg29 and ScAtg31, respectively (Supplemental Figure S7C) . Therefore, we hypothesize that P. pastoris Atg28 is a structural and functional equivalent of S. cerevisiae Atg29 and Atg31 combined ( Figure 7C ). Further studies are required to support this finding. Summarizing, Atg28 has no specific role in the cargo recognition during selective autophagy, as previously suggested (Dunn et al., 2005; Stasyk et al., 2006; Farre et al., 2007) , but together with Atg17 participates in the nucleation and expansion of the double-membrane vesicles in all autophagy-related pathways.
Using valuable new methods for the manipulation of peroxisome size we have been able to investigate the function of pexophagy-specific Atg proteins. We found that peroxisome size determines the requirement of Atg11 and Atg26. We defined the pexophagy-specific PAS and found the requirements for efficient pexophagy. Finally, we described the function of Atg28 and positioned this protein in the yeast autophagic machinery. These results demonstrate that the comparative pexophagy of the differently sized peroxisomes will provide further insights into the function of Atg proteins.
